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ABSTRACT: The oxidation and reduction of CuZn nano-
particles was studied using X-ray photoelectron spectroscopy
(XPS) and in situ transmission electron microscopy (TEM).
CuZn nanoparticles with a narrow size distribution were
produced with a gas-aggregation cluster source in conjunction
with mass-ﬁltration. A direct comparison between the spatially
averaged XPS information and the local TEM observations
was thus made possible. Upon oxidation in O2, the as-
deposited metal clusters transform into a polycrystalline cluster
consisting of separate CuO and ZnO nanocrystals. Speciﬁcally,
the CuO is observed to segregate to the cluster surface and
partially cover the ZnO nanocrystals. Upon subsequent reduction in H2 the CuO converts into metallic Cu with ZnO nanocrystal
covering their surface. In addition, a small amount of metallic Zn is detected suggesting that ZnO is reduced. It is likely that Zn
species can migrate to the Cu surface forming a Cu−Zn surface alloy. The oxidation and reduction dynamics of the CuZn
nanoparticles is of great importance to industrial methanol synthesis for which the direct interaction of Cu and ZnO nanocrystals
synergistically boosts the catalytic activity. Thus, the present results demonstrate a new model approach that should be generally
applicable to address metal−support interactions in coprecipitated catalysts and multicomponent nanomaterials.
■ INTRODUCTION
Nanometer-sized particles of metals and metal oxides can have
unique catalytic, magnetic, and electronic properties that are
often strongly dependent on their structural and chemical state.
In catalytic reactions, for example, the activity for molecular
turnovers, is well-known to depend on the type and abundance
of surface sites on the nanoparticles.1−3 Procedures for the
synthesis of nanoparticles with well-deﬁned shapes and surfaces
are in principle available to address such structure-dependent
properties.4−7 However, during catalysis, the stability of
nanoparticle morphology is not guaranteed.8−10 Solid surfaces
tend to restructure upon exposure to gas environments and
nanoparticles therefore tend to dynamically adapt a shape and
structure that is coupled to the reaction conditions. Hereby,
new surface sites might be exposed and the catalytic
functionality of the nanoparticle change.
Here we focus on the binary Cu/ZnO nanoparticle system
which is relevant for the industrial synthesis of methanol11 and
has become a prototypical system for studying complex gas-
dependent nanoparticle dynamics. Whereas Cu alone is active,
the methanol production is signiﬁcantly enhanced by the
intimate contact with ZnO. The role of the Cu−ZnO
interaction and the nature of the catalytic active surface site
has been the subject of much research. Possible explanations for
the Cu−ZnO synergy include gas-dependent morphology of
Cu12−16 on ZnO, Zn-species segregation onto Cu,17 Cu−Zn
alloy formation,18−21 and support-induced strain.22,23 The
relative importance of these diﬀerent eﬀects is still a subject
of debate and could reﬂect the eﬀect of the catalyst preparation
and reaction conditions.20
Much information about the gas-dependent structure of Cu/
ZnO-based methanol synthesis catalysts have been obtained
using bulk X-ray or neutron characterization techniques.8,18 In
addition, adsorption techniques have been used to correlate the
Cu surface area and methanol synthesis activity.24,25 Despite
these eﬀorts there is still limited insight into the surface
dynamics of the Cu/ZnO nanoparticle catalyst. For instance,
recent studies of an industrial catalyst showed that under
reducing conditions the copper area probed by reactive nitrous
oxide frontal chromatography (N2O-RFC) is overestimated and
that the overestimation originates from the presence of either
metallic Zn in a CuZn surface alloy or from oxygen vacancies in
ZnOx.
26,27 Moreover, a spillover eﬀect of hydrogen in the
interface between Cu and ZnO has also been proposed to have
a signiﬁcant role in the synthesis of methanol.16,28 Under-
standing such phenomena in more detail requires deeper
Received: October 3, 2014
Revised: December 8, 2014
Published: December 16, 2014
Article
pubs.acs.org/JPCC
© 2014 American Chemical Society 2804 DOI: 10.1021/jp510015v
J. Phys. Chem. C 2015, 119, 2804−2812
This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.
insight into the dynamic surface behavior of the Cu-ZnO
nanoparticle system under reducing conditions. In order to
address the dynamic surface behavior in the binary Cu and
ZnO nanoparticle catalyst system, we have developed a new
nanoparticle synthesis method invoking formation of mass-
selected CuZn alloy nanoparticles and transformation of these
into binary clusters of Cu and ZnO nanocrystals on a substrate.
The binary Cu-ZnO nanoparticle clusters can be regarded as
conﬁned units of the industrial Cu/ZnO methanol cata-
lyst,29−31 and these simpler structures advantageously allow
the structural and chemical state of the Cu−ZnO nanoparticle
surface to be studied by complementary techniques such as X-
ray photoelectron spectroscopy (XPS) and in situ transmission
electron microscopy (TEM).
■ RESULTS AND DISCUSSION
Particle Synthesis. The CuZn nanoparticles were
produced in a cluster source32,33 by gas aggregation of Cu
and Zn sputtered oﬀ a solid target and subsequently mass
selected by a quadrupole mass ﬁlter. First, the mass selected
CuZn nanoclusters were deposited under ultra high vacuum
(UHV) conditions (2 × 10−10 mbar) onto a TiO2 substrate (for
XPS studies) or a carbon ﬁlm supported on a Cu grid (for TEM
studies). TEM images of the as-prepared particles showed an
average diameter of 7.7 ± 1 nm (Figure S1) for particles
deposited with a mass ﬁlter setting of 6.5 nm. Next, the
nanoparticles were exposed to oxygen in order to facilitate a
phase separation into CuO and ZnO. Finally, an exposure to
hydrogen was done in order to prepare well-deﬁned nano-
particles of Cu and ZnO in intimate contact. The TEM samples
were transferred through ambient air to the microscope and
treated in situ therein, while the XPS samples were treated in a
high pressure cell (HPC) attached to the UHV setup. During
the oxidation treatment, the O2 pressure was 1 mbar and 200
mbar for the TEM and XPS experiments, respectively. In the
TEM, the temperature was 300 °C and, in the HPC, the
temperature was 200 °C. The higher oxidation temperature in
the TEM was necessary due to the lower obtainable O2
pressure. In both cases the sample was oxidized for 1 h.
During reduction, the H2 pressure was 1 mbar for both
experiments. In the TEM, the temperature was 300 °C, and in
the HPC, the temperature was increased in steps of 1 h to a
maximum of 250 °C.
For these three preparation steps (deposition, oxidation and
reduction), Figure 1 shows the elemental surface composition
as determined by XPS, which approximately probes the ﬁrst 3−
5 monolayers, depending on the electron energy. Further
details on calculation of the composition are in the Materials
and Methods section. In the as-deposited state, the line
positions and shape of Cu L3VV and Zn L3M4,5M4,5 reveal that
the nanoparticles are metallic, and the 2p line intensities reveal
an average composition of the nanoparticles of Cu:Zn ≈ 75:25.
Due to the nature of the cluster source we anticipate a
homogeneous mixture of Cu and Zn in the as-deposited
nanoparticles. Hence the surface composition is expected to be
representative for the bulk composition. Corresponding Auger
spectra of Cu and Zn are shown in the following. The oxidation
treatment of the nanoparticles results in a decrease of the
apparent amount of Zn at the surface and the formation of
CuO and ZnO with a composition of Cu:Zn ≈ 95:5. The
satellite feature at 941 eV in the Cu 2p3/2 line reveals that Cu is
fully oxidized.34 Moreover, the oxidation treatment results in a
shift in the Zn Auger line revealing a transformation of Zn into
ZnO. Finally, the reduction treatment of the oxidized
nanoparticles reduces the CuO to Cu and changes the
observed composition of Cu:Zn to ∼45:55. The system thus
does not revert to the as-deposited state upon reduction. The
Cu/ZnO nanoparticles produced in this manner comprise our
model for the methanol synthesis catalyst.
Copper Oxidation State References. In order to monitor
the change of the oxidation state of copper in the phase
separated state, the model system was exposed to reducing
conditions (1 mbar H2 in the HPC) at increasing temperatures,
each temperature held for 1 h. After each reduction step, the
sample was cooled to room temperature in the H2 gas, the
HPC was evacuated, and the sample was characterized by XPS
under UHV conditions. Figure 2a shows normalized and
background corrected XPS spectra at the Cu L3VV Auger line
after each reduction treatment. In order to interpret these
spectra, reference spectra were acquired of Cu, Cu2O, and
CuO, with corresponding oxidation states Cu0, CuI, and CuII,
respectively (Figure 2b). The metallic Cu reference spectrum
was obtained by XPS measurement of the as-deposited
nanoparticles. The copper oxide reference spectra were
obtained by previously reported procedures.34 To obtain the
CuO reference spectrum, the as-deposited nanoparticles were
fully oxidized by exposure to 200 mbar O2 at 200 °C for 1 h in
the HPC and subsequently measured by XPS. Finally, in order
to obtain the partially oxidized Cu2O reference spectrum, the
as-deposited sample was exposed to 200 mbar O2 at room
Figure 1. XPS Cu:Zn composition analysis. (a) Zn XPS 2p3/2 in as-
deposited, oxidized, and reduced condition. (b) Cu XPS 2p3/2 in as-
deposited, oxidized, and reduced condition. The 2p lines of Cu and Zn
are background subtracted and normalized to the corresponding Cu
spectrum. (c) The Cu:Zn composition taking sensitivity factors into
account shown for the as-deposited, oxidized, and reduced condition,
respectively.
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temperature for 16 h in the HPC. For these three samples the
Cu L3VV Auger lines are similar to spectra for Cu, CuO, and
Cu2O as reported for copper thin ﬁlms.
34 These spectra are
therefore used as references in the following. Speciﬁcally, the
diﬀerent reference spectra consists of a main peak at 567.9,
568.8, and 570.1 eV for Cu, CuO, and Cu2O, respectively,
corresponding, for the Al anode, to electron kinetic energies of
918.7, 918.8, and 916.5 eV.
A linear combination of the three references (Cu, CuO, and
Cu2O) can be ﬁtted to the Cu L3VV Auger lines in Figure 2a
and the relative abundance of each phase is determined from
the ﬁtting parameters. The results in Figure 2a show that the as-
deposited nanoparticles consist only of metallic Cu. As shown
before, in the case of exposure to 200 mbar O2 at 200 °C, the
nanoparticles consist of copper in its fully oxidized state, i.e.,
CuO. During the reduction at successively higher temperatures,
copper gradually transforms from fully oxidized CuO, through
the Cu2O phase, to fully reduced Cu.
Furthermore, the ﬁtting of the Cu L3VV Auger line into Cu
0,
CuI, and CuII allows for an estimation of the average copper
oxidation state in the nanoparticles (Figure 2c). This procedure
shows that copper in the oxidized CuZn nanoparticles is
reducible under 1 mbar H2 at 250 °C for 1 h. These conditions
are similar to those used in the present in situ TEM
experiments and consistent with previous in situ TEM
studies.15,16,35
In Situ TEM Imaging. Next, the relationship between the
oxidation state and the morphology of the nanoparticles is
addressed by in situ TEM of the nanoparticles under exposure
to 1 mbar of H2 or O2. Figure 3a shows a frame-averaged TEM
image of a Cu/ZnO nanoparticle supported on carbon under
exposure to 1 mbar H2 at 300 °C. In order to interpret the
TEM image, diﬀerent crystal phases present in the nanoparticle
are identiﬁed from the crystal lattice fringe spacings. Figure 3b
shows a fast Fourier transform (FFT) revealing several diﬀerent
lattice spacings and directions. By masking out a given lattice
spot in the FFT and inverting the FFT, the spatial location of
the corresponding crystal phase is readily identiﬁed. For
example, Figure 3c shows annular masks superimposed on the
FFT in Figure 3b at reciprocal lattice vectors of 1/2.08 Å−1 and
1/1.81 Å−1, corresponding to the (111) and (200) planes of
Cu. The mask width is 1/0.03 Å−1. Figure 3d shows the
corresponding inverted FFT revealing that metallic Cu
comprises the large central region of the nanoparticle. Figures
3e,f show similarly an annular mask at lattice spacings of 2.81
and 2.60 Å, corresponding to the (010) and (002) planes of
ZnO, and the corresponding inverted FFT of the ZnO location.
This procedure was employed for the interpretation of the
spatial location of the various crystalline phases depicted in the
high-resolution TEM images. Speciﬁcally, the image analysis
focuses on the four relevant phases of Cu, CuO, Cu2O, and
ZnO which each has unique crystal plane distances as depicted
by the colored annular masks superimposed in Figure 3g.
Hereby, each crystal phase is characterized by its spatial domain
in the TEM image and the superposition of all ﬁltered crystal
phases provides a ﬁngerprint of the relative content and
location of the diﬀerent crystal phases as illustrated in Figure
3h.
Reduction/Oxidation Cycles. The ex situ XPS and the in
situ TEM methods outlined above are used to monitor the
Figure 2. Changes to the XPS Cu L3VV features. (a) Reduction of CuZn nanoparticles in 1 mbar H2. Data points are shown as black dots while the
light blue dashed lines are ﬁts. The vertical lines indicate peak position for Cu (red), CuO (green), and Cu2O (purple). Subsequent to oxidation the
nanoparticles are reduced in 1 mbar H2 in steps for 1 h at increasing temperature. XPS is conducted in between each H2 treatment. The change in
the Cu L3VV Auger lines reveal that CuO is gradually reduced through the Cu2O state before it reaches full reduction at 250 °C. (b) The three
diﬀerent oxidation states of Cu. The ﬁt in (a) is obtained by ﬁtting a linear combination of the three Cu L3VV basis reference spectra. (c) The mean
oxidation state of Cu as a function of reduction temperature. The mean oxidation state is obtained through the ﬁts in (a).
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CuZn nanoparticles during successive reduction and oxidation
cycles. While XPS is a strong averaging technique providing a
global picture of the surface composition and oxidation state of
the entire ensemble of nanoparticles, TEM imaging is a strong
local tool providing insight into the nonperiodic structural
features of the nanoparticles, such as their shapes and surfaces
that are needed to explain the global trends. The TEM images
were acquired of as-deposited nanoparticles under high vacuum
conditions and in situ during subsequent exposure to 1 mbar
O2 and H2 at 300 °C, respectively (Figure 4a−d). The XPS data
were acquired starting from an as-deposited sample treated ﬁrst
in 1 mbar O2 and H2, as described above, and subsequently in
200 mbar O2 or H2 at 200 °C (Figure 4e). For the XPS
experiments a higher gas pressure was used to ensure full
reduction and oxidation (Figure 5). This pressure is, however,
not possible to obtain in the applied microscope conﬁguration.
Figure 4 compiles the combination of in situ TEM and XPS
data. When alternating between the oxidized state and the
reduced state, the XPS analysis shows that the surface ratio
between Cu and Zn changes reversibly, with the apparent
amount of Cu varying from ∼55% to ∼85%. A change in
surface composition of Cu and Zn has previously been reported
by means of low-energy ion scattering experiments on Cu/
ZnO/SiO2.
36
One possible explanation for this reversible change in the
surface of the nanoparticles is encapsulation and decapsulation
of ZnO by CuO. Encapsulation leads to a hindrance of Zn 2p
photoelectrons in reaching the analyzer, and decapsulation
reestablishes the Zn signal, as observed. Figure 4a demonstrates
a reduced CuZn nanoparticle consisting of separate domains of
metallic Cu (red) and ZnO (blue). In Figure 4b, the
nanoparticle is in the oxidized state with a CuO domain
(green) extending across the entire nanoparticle and with a
ZnO domain (blue) present only inside the projected image of
the nanoparticle. As the TEM images represent two-dimen-
sional projections, this observation is consistent with crystalline
ZnO in the subsurface region of the nanoparticle. The ﬁnding
agrees with the XPS data which shows that the Zn signal is
drastically damped during these oxidizing conditions (Figure
4e). Upon rereduction, the TEM shows that the nanoparticle
reverts back toward its original state. In Figure 4c, faint lattice
fringes corresponding to crystalline ZnO (blue) and a core with
darker contrast is observed. In the intermediate state between
fully oxidized and fully reduced, shown in Figure 4c, the crystals
are oriented such that no major zone axes are parallel with the
incident electron beam, which results in a lack of clearly
resolved atomic lattice fringes. This, in turn, has the
consequence that the automatic coloring routine will not add
color, and Figure 4c thus represents the original TEM image,
except for the blue coloring of the faintly resolved ZnO. In
Figure 4d, the darker core appears with lattice fringes and the
fringe spacing corresponds to metallic Cu. Moreover, the ZnO
nanocrystal reappears on the Cu surface close to the position as
in the reduced state (Figure 4a). Thus, in the example shown in
Figure 4d, the nanoparticle has reverted back close to its
original conﬁguration with ZnO sitting at the surface of the
metallic Cu, which is also consistent with the XPS data in
Figure 4e, showing that the ZnO content recovers almost
reversibly upon rereduction. For Figure 4(a−d), the nano-
particle is deemed reduced or partly reduced/oxidized, based
only on the observation of lattice spacings from Cu metal or
from any Cu oxide. It cannot be excluded that smaller crystal
domains, representing Cu oxide in the reduced state and Cu
metal in the oxidized state of the nanoparticle, may be
simultaneously present, because a tilted orientation of the
crystal domain with respect to the electron beam direction
could prevent their identiﬁcation in the high-resolution TEM
image. In fact, images obtained at diﬀerent regions of the
sample showed the presence of copper oxide after the 5 h
reduction in 1 mbar H2 at 300 °C. This diﬀerence could be due
to temperature variations across the TEM grid or an accelerated
reduction rate under electron illumination in Figure 4, and from
the discussion below the diﬀerence is attributed to the former
cause. The encapsulation/decapsulation mechanism can,
however, be explained by considering the crystal structure of
Cu and CuO. When the sample is oxidized, the copper phase
content will expand and take up more space than of metallic
copper. As the oxide grows it appears to cover the ZnO. This
may happen due to the diﬀerent diﬀusion rate of Cu and O in
CuO.37 Because Cu diﬀuses faster than O in CuO, the oxide
tends to grow on the surface of the existing oxide, which may
create voided particles, or, as in the present case, may lead to an
encapsulation of the ZnO sitting on the Cu surface. No voided
particles were observed in the present study. During reduction,
the CuO will consequently shrink and start to reveal ZnO. A
rough estimate of the particle volume based on the projected
areas reveals volume conservation between Figure 4a and d.
Figure 3. (a) TEM image of a Cu nanoparticle decorated with ZnO (1
mbar H2, 300 °C). (b) Fast Fourier Transform (FFT) shows crystal
lattice vectors. (c) Annular masks applied to the FFT at 1/2.08 and 1/
1.81 Å−1, corresponding to (111) and (200) planes of Cu. Mask width
1/0.03 Å−1. (d) Inverse FFT (IFFT) of (c). (e) Annular masks applied
at lattice spacings of 1/2.81 and 1/2.60 Å−1, corresponding to (010)
and (002) planes of ZnO. (f) IFFT of (e). (g) Annular masks
superimposed on (b) for each unique lattice spacing of Cu, Cu2O,
CuO, and ZnO (Table 1) with corresponding color code. (h) The
image (a) with colored crystal phase domains superimposed.
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The expansion from Figure 4a to b is 88%, reasonably close to
the 72% increase, expected from the diﬀerence in unit cell
volume between Cu and CuO. A similar analysis of 88 particles
in the same area shows an average volume increase of 82%
(Figure S2).
The single image series in Figure 4 reveals the transformation
of the nanoparticle during the reduction−oxidation−reduction
cycle. Whereas the Cu nanocrystal and a ZnO nanocrystal
apparently transforms reversibly, some smaller ZnO nanocryst-
als disappears and a single ZnO nanocrystal emerges on the left
side of the particle. Because of the narrow size distribution of
the nanoparticles and a presumably low spread of their
composition, the observations in Figure 4 are likely to be
representative for the deposited nanoparticles. Furthermore,
the XPS data (Figure 4e) shows a slight decrease in the Cu:Zn
ratio as repeated cycles are performed. This decrease in the
Cu:Zn ratio for repeated cycles can be explained by migration
of Cu between individual Cu/ZnO nanoparticles and is known
to be a possible mechanism for Cu sintering in methanol
synthesis catalysts.38 In the present study sintering was
observed during the reduction/oxidation cycle of the TEM
sample (Figure S2). Coarsening of Cu particles lowers the Cu
surface area of the sample, thus eﬀectively also lowering the
Cu:Zn ratio.
Reduction of Cu in Diﬀerent Environments. Although
the XPS and TEM experiments agree qualitatively, they diﬀer
by the gas pressure. To address this pressure gap, oxidized Cu−
Zn nanoparticles are exposed to H2 at diﬀerent pressures and
characterized by XPS. Prior to the reduction, the nanoparticles
were oxidized by 200 mbar O2. The temperature required for
reduction is presumably determined by either diﬀusion-
limitations in the nanoparticles or limitations due to hydrogen
dissociation. Thus, it is expected that the reduction temperature
is lower at higher pressures because of the increased chemical
potential of H2. Figure 5 shows the Cu:Zn composition
obtained from the Cu 2p and Zn 2p line intensities as a
Figure 4. (a−d) In situ TEM images of the same CuZn nanoparticle during an oxidation/reduction cycle. (a) Reduced nanoparticle after 5 h in 1
mbar H2 at 300 °C. (b) Oxidized nanoparticle after 1 h in 1 mbar O2 at 300 °C. (c) Partly reduced nanoparticle after 0.5 h in 1 mbar H2 at 300 °C.
(d) Fully reduced particle after 1.5 h in 1 mbar H2 at 300 °C. For (a−d), the nanoparticle is deemed reduced or partly reduced/oxidized based only
on the observation of lattice spacings from Cu metal or from any Cu oxide. It can therefore not be excluded that small crystal domains, representing
Cu oxide in the reduced state and Cu metal in the oxidized state, may be simultaneously present because a tilted orientation with respect to the
electron beam could prevent their identiﬁcation. (e) Ratio between the XPS signal from the Cu 2p3/2 and Zn 2p3/2 lines after oxidation (200 mbar O2
for 1 h at 200 °C) and reduction (200 mbar H2 for 1 h at 200 °C).
Figure 5. Change in ratio between the Cu 2p3/2 and Zn 2p3/2 XPS line
as a function of increasing temperature in diﬀerent pressures of
hydrogen. At 1 mbar the Cu/(Cu + Zn) ratio drops when the
temperature reaches 250 °C. This is the same conditions needed to
fully reduce the Cu (Figure 2). The same behavior, although at lower
temperature, is observed for 200 mbar H2, 900 mbar H2 and atomic
hydrogen at a pressure of 10−6 mbar H2. In the latter case, the ratio
changes at 125 °C. At 5 mbar H2 the Cu/(Cu + Zn) ratio drops when
the temperature reaches 175 °C.
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function of reduction temperature for ﬁve diﬀerent reducing
conditions.
First, the reduction of oxidized CuZn nanoparticles is
addressed in 1 mbar H2. Figure 5 shows that the Cu:Zn ratio
has a transition at 250 °C, which is the same temperature
required to fully reduce CuO to Cu (see Figure 2). A similar
sudden change in Cu:Zn ratio has been reported by Behrens et
al. based on synchrotron XPS.18 However, in their study the
temperature for the transition occurs at a lower temperature
and H2 pressure (175 °C, 0.25 mbar). This will be further
discussed below. The discrepancy in reduction temperature
between the 1 mbar XPS (250 °C) and 1 mbar TEM (300 °C)
in our experiments is attributed to an expected lower
temperature away from the TEM Cu grid upon which the
temperature is measured. The temperature at the nanoparticle
site for our XPS and TEM investigations is therefore assumed
similar.
Next, in 5 mbar H2, the transition occurs at 200 °C, lower
than the 250 °C required for reduction in 1 mbar H2, indicating
that reduction is hindered by the reductive potential of the H2
gas. This tendency is followed upon reduction of the oxidized
CuZn nanoparticles in 200 mbar H2 for which the Cu:Zn ratio
transition occurs already at 125 °C. In all cases the transition
coincides with CuO reduction to Cu.
Finally, at 900 mbar reducing conditions, the curve shape is
slightly diﬀerent but the transition to a lower Cu content is
below or similar to the 200 mbar experiment at 125 °C. This
may indicate that for temperatures lower than 125 °C, oxygen
diﬀusion from bulk to the surface in the CuO nanoparticle is
kinetically hindered.
Another way of increasing the chemical potential for
reduction is predissociation of H2.
39 The atomic hydrogen
can be formed at UHV compatible pressures by ionization in a
dedicated gas doser. Figure 5 shows that the predissociation is a
very eﬀective way of increasing the chemical potential of H2
because the oxide-metal transition is observed at temperatures
around 125 °C (see Figure S3 for detailed XPS data), similar to
the 200 mbar H2 conditions.
In the in situ TEM experiments, the reducing temperature of
300 °C was needed to fully reduce CuO in 1 mbar H2 (as
determined by inspection of high-resolution TEM images).
This ﬁnding indicates that atomic hydrogen is not produced by
the electron beam in signiﬁcant amounts in the present
experiments and suggests, in turn, that the variation in the
degree of reduction across the TEM grid is rather due to
temperature variations. Furthermore, the eﬀect of the beam on
creating atomic hydrogen might explain the temperature
discrepancy with the results obtained on synchrotron XPS.18
Reduction of ZnO. To address the chemical state of zinc
resulting from the reduction treatment, the Zn L3M4,5M4,5
Auger line is considered in the following. Figure 6 evidently
shows that the Zn in the as-deposited CuZn nanoparticles is
metallic as the particles are deposited on the TiO2
substrate.40,41 After oxidation in 200 mbar O2 at 200 °C,
based on the comparison to literature,40 Zn is present as ZnO
as shown in Figure 6. Using these as-deposited and fully
oxidized spectra as reference spectra for metallic and oxidized
Zn, a linear combination can be ﬁtted to the Zn L3M4,5M4,5
Auger lines obtained after reduction in 1 mbar H2 at diﬀerent
temperatures to determine the relative abundance of those
species. At 250 °C, the Zn Auger line can best be ﬁtted
including a Zn-component resulting in the shoulder at 495 eV
binding energy (991.6 eV kinetic energy). This indicates that
ZnO is partially reduced at this temperature. The presence of
reduced Zn after low temperature reduction in H2 has
previously been reported26 for a commercial catalyst. Moreover,
it is observed that the Zn L3M4,5M4,5 line shifts toward higher
binding energies as the reduction temperature is increased. This
eﬀect may be related to charging eﬀects in the TiO2 substrate
which is more pronounced at higher reductive potentials.42 The
separation between the ZnO and the Zn peak is kept ﬁxed
while performing the ﬁtting routine.
The presence of reduced ZnO is observed at the same
temperature needed to reduce CuO. The concurrent reduction
for CuO and ZnO is also observed for reduction in 5 mbar H2,
200 mbar H2, 900 mbar H2, and in atomic hydrogen (see Figure
S4 for the atomic hydrogen experiment). It is well-known that
H2 dissociates on Cu.
43 As ZnO is present at the surface of the
nanoparticle during reduction of CuO (Figure 4), it is possible
that ZnO reduction proceeds via spillover of dissociated
hydrogen to sites at the ZnO surface from the reduced Cu.16,28
Thus, it is likely that dissociated hydrogen can reduce ZnO to
Zn at the interface between Cu and ZnO. The experiment
shows that even at low pressures of hydrogen it is possible to
reduce ZnO to Zn, coinciding with previous experiments made
on a commercial catalyst.26 However, a more pronounced Zn
signal is observed in our experiments. We attribute this to the
lower amount of ZnO in our model system compared to the
commercial catalyst system, which increases the sensitivity for
detection of metallic Zn. This stresses the advantage of using
simpliﬁed model systems to investigate such complex systems.
Figure 6. Zn L3M4,5M4,5 Auger line obtained during the 1 mbar
reduction experiment. Blue lines correspond to metallic Zn while
yellow lines correspond to ZnO. The dotted black line is 7 point
smoothed XPS data while the dashed light blue line is the best ﬁt of
the data baes on the reference spectra of Zn and ZnO.
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■ CONCLUSION
In order to address metal−support interactions in heteroge-
neous catalysis, a novel model approach is presented. It is
demonstrated that size and composition selection of nano-
particles allows for generating a uniform ensemble of bimetallic
nanoparticles and for combining spatial averaging and local
techniques to probe gas-dependent dynamics in the nano-
particles. Speciﬁcally, the method is used to study the complex
Cu-ZnO system representing the active part of industrial
methanol synthesis catalysts. The as-prepared Cu−Zn particles
were exposed to oxidizing and reducing atmospheres. By
combining ex situ XPS and in situ TEM, it is observed that
upon repeated oxidization-reduction cycles, the CuO tends to
encapsulate and decapsulate the ZnO in a reversibly manner.
Furthermore, the present ﬁndings reveal that the hydrogen
reduction is suﬃcient to cause a reduction of the ZnO leaving
metallic Zn in the surface. The metallic zinc is only observed as
the copper is in the metallic states. On the basis of this, a
spillover mechanism for the reduction of Zn has been
proposed.
■ MATERIALS AND METHODS
Ultra High Vacuum Setup. The cluster synthesis,
spectroscopy experiments, and high pressure treatments were
conducted in a home build multipurpose UHV chamber with a
base pressure in the 2 × 10−10 mbar pressure range and capable
of performing XPS measurements. Furthermore, it is possible
to treat samples in a HPC annexed to the chamber. Finally, the
UHV setup is in connection with a cluster source capable of
producing metallic nanoparticles with a narrow size distribution
in the range 3−10 nm, described elsewhere.33,44,45 All transfers
between diﬀerent parts of the chamber are in UHV.
For this study, metallic CuZn nanoparticles are deposited on
a TiO2(110) rutile single crystal. The nanoparticles are
produced by a cluster source developed by Mantis Deposition
Ltd. The mass ﬁlter of the cluster source was adjusted to select
particles with a diameter of 9 nm. Based on earlier studies on
the same cluster source, operated under similar conditions, the
standard deviation of the size distribution of the nanoparticles
is expected to be 2 nm.45 The CuZn clusters are sputtered oﬀ a
metal target with Cu:Zn composition of 90:10. The metal
clusters are condensed in a cooled gas-aggregation zone and
mass ﬁltered by a quadrupole. After deposition of CuZn
nanoparticles on the TiO2(110) substrate the nanoparticles
were investigated by XPS. The Cu 2p3/2 and Zn 2p3/2 XPS lines
reveal a 76:24 atomic composition in the surface region probed
by the Al Kα X-rays (1486.6 eV). Comparison of the
Cu(L3VV) and Zn(L3M4,5M4,5) lines to literature conﬁrms
that the produced nanoparticles are metallic.34,40,41 In order to
bring the CuZn nanoparticles in a state similar to the
commercial methanol catalyst, the sample is oxidized at 200
°C in 200 mbar O2 for 1 h in the HPC by a molybdenum
substrate heater. The Cu Auger and Zn Auger lines conﬁrm
that the probed region of the nanoparticle becomes fully
oxidized. The ratio between the amount of Cu and Zn is
determined by integrating the 2p3/2 lines from each element,
taking sensitivity factors into account. After phase separation of
Cu and Zn, i.e., oxidation, two diﬀerent set of experiments are
performed; (1) a repeated cycle of reduction and oxidation at
200 °C and 200 mbar H2 and O2 respectively. The sample is
exposed to the gas for 1 h. Between each gas treatment the
sample is investigated by XPS. (2) A cumulative reduction of
the CuZn in 1 mbar H2 at increasing temperatures, starting at
200 °C and ending at 250 °C, in steps of 25 °C. Each step was
held for 1 h. XPS analysis of the sample is performed after each
temperature step. The stepwise reduction experiment has also
been conducted in 5 mbar H2, 200 mbar H2, 900 mbar H2, and
in the presence of atomic hydrogen. The atomic hydrogen was
produced by a hot ﬁlament with an emission current of 10 mA
pointing in the direction of the sample in a background
pressure of 1 × 10−6 mbar H2. In all XPS experiments, the
presence of contaminates such as carbon has been checked for.
In none of the experiments a peak at the C 1s relevant binding
energy could be detected. A typical overview scan is presented
in Figure S5. A Shirley background is applied to the XPS data
during data treatment. Error bars are calculated by performing
ﬁts with 25 randomly chosen Shirley backgrounds. Presented
data with no apparent error bar have errors smaller than the
marker indicating the point.
In Situ TEM. In situ TEM was performed using a FEI Titan
80−300 environmental transmission electron microscope
operated with primary electron energy of 300 keV.46 Prior to
the experiment, the image aberration corrector was tuned using
a Au/C cross-grating (Ager S106) and the spherical aberration
coeﬃcient was set in the range of −10 to −20 μm.
Samples for in situ TEM were prepared by depositing CuZn
alloy particles directly onto a lacey carbon ﬁlm supported on a
Cu TEM grid. Nanoparticles with a diameter of 6.5 nm were
selected by tuning the ﬁlter of the cluster source. Based on
TEM investigations this resulted in an average projected
diameter of 7.7 ± 1 nm (Figure S1). The diﬀerence between
the mass ﬁlter setting and the TEM measurement is ascribed to
particle wetting on the support and possible surface oxidation
of the CuZn particles, both eﬀects will increase the projected
diameter. The cluster deposition was carried out under UHV
conditions, and subsequently the sample was transferred in air
to either a glovebox (the levels of oxygen and moisture were
below 0.1 ppm and 1 ppm, respectively) or directly into the
electron microscope. The air exposure amounted to maximum
30 min.
For the in situ experiments, a TEM grid was placed in a
Gatan furnace type heating holder (model 628). The sample
was exposed to 1 mbar O2 (Air Liquide, nominel purity N4.5)
or 1 mbar H2 (CK gas, nominel purity N6.0). The TEM is
conducted using low electron dose-rate and low electron dose
conditions in order to suppress beam excitations and atom
displacements in the gas-sample system and to ensure
structures and processes inherent to the nanoparticle catalysts
are detected.46,47 The low electron doses compromise the
image signal-to-noise ratio, and so, to detect features in the
specimens at high resolution, signal enhancement is pursued in
two steps. First, the projection system and charged-coupled
device camera (Gatan US1000) was operated with an eﬀective
pixel size of 0.063 nm, which is suﬃcient for resolving the Cu
(111) and (200) lattice spacing of 0.21 and 0.18 nm,
respectively. Second, frame-averaging is pursued by acquisition
of 20 consecutive frames (each with a CCD exposure time of 1
s), postalignment of the frames using cross correlation48 in a
Matlab script and, ﬁnally, summation of the aligned frames into
the ﬁnal image. All displayed images represent such a frame-
average. Speciﬁcally, the TEM frames were acquired at an
electron dose rate of 300 e−/Å2 s and an estimated total dose of
90 000 e−/Å2 (ca. 5 min exposure) of a given sample area.
Figure 4a−d represents images acquired of that particular
particle with an accumulated electron dose of approximately 2.7
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× 105, 7.2 × 105, 8.1 × 105, and 9.0 × 105 e−/Å2. These imaging
conditions were suﬃciently low to avoid beam-induced artifacts
as the comparison with the pressure-dependent XPS reduction
data shows (Figure 5). Several particles were imaged under
reducing conditions, and the overall conﬁguration of the
reduced particle shown in Figure 3 (reduced Cu decorated with
ZnO) is representative of the particles seen with in situ TEM in
reducing atmosphere. Only the particle shown in Figure 4 was
imaged with high magniﬁcation under both reducing and
oxidizing conditions. 88 particles in the same area were imaged
with low magniﬁcation under both reducing and oxidizing
conditions (Figure S2).
Domains of crystalline Cu, CuO, Cu2O, and ZnO were
identiﬁed in high-resolution TEM images using for each phase
the unique lattice spacings as described in Table 1. Annular
masks in the FFT included a region of ±1/0.015 Å−1 centered
on the corresponding lattice vector. Masking of the FFT
employed an edge smoothing. The edge smoothing used a
circular averaging ﬁlter with a size of 3 pixels. Color coding was
implemented in a Matlab script.
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